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Preface

This research is part of an on-going project'at AFIT to

better understand the energy transfer mechanisms involved in

the oxygen and interhalogen molecule interaction. This

understanding is achieved by using a flow tube reactor to

characterize the chemiluminescence of various chemical

substances, in this case oxygen and iodine monofluoride.

I found this work especially challenging because it was

outside of the mainstream of my course work. I learned much

theory and experienced the frustration and excitement that

come with laboratory work. I was glad to be a part of this0
on-going AFIT endeavor.

I wish to thank Dr. Won B. Roh, my advisor, for the

continuing guidance and support that he gave me during this

effort; the study could not have been completed without his

help. I also thank Dr. Ernest A. Dorko, at the Weapons Lab,

who sponsored this thesis work. His expert knowledge of

chemical lasers and flow-tube systems was invaluable.

Additionally, this project could not have been completed

without the work done by Tim Hancock and others at the AFIT

Machine Shop who machined many parts for the flow tube

reactor. Finally, I wish to thank my wife for her support

and understanding during the last 18 months. Ofl For
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A. itract

Chemiluminescence from the reaction between iodine

monofluoride (IF) and oxygen has been observed in a flow

tube reactor. Molecular oxygen in the singlet delta, first

electronic excited state, 0 2 (IA), has been used as the

transfer agent. The IF(X-*B) transition requires 19054 cm-1

of energy, and 02( A) can only supply 7918 cm of energy in

the transition to the ground state, 0 2(3). Despite the

energy imbalance, 0 2(A) is an efficient pump for IF. The

kinetic mechanisms for this reaction are not well

understood. The spectrum obtained from this emission has

been compared to a known IF(B-*X) spectrum, and transitions

have been assigned. A study of the emission intensity as a

function of the 02 ( IA) concentration has been made. From

the slope of the lines produced from the data, a possible

reaction mechanism has been identified.
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STUDY OF THE ENERGY TRANSFER MECHANISMS

BETWEEN 02( tA) AND IODINE MONOFLUORIDE

I. Introduction

Background

,-An important group of substances known as halogens (Xr')
2

or interhalogens (XY) consist of atoms or molecules made up

of fluorine, chlorine, bromine, or iodine. These species

have been found to make good active media in chemical

lasers. Currently, iodine monofluoride (IF) is an important

lasant candidate. The Air Force is interested in new

lasants to support the development of Chemical Electronic

Transition Laser (CETL) systems. These chemical systems are

attractive because they do not require large electrical

power supplies (12:1).

In order to increase the laser power output, an energy

transfer agent is required to produce a substantial

population inversion. Excited molecular oxygen in the

singlet delta state, 2 A), acts as the transfer agent by

chemically pumping the lasant to a higher energy state.,-

Although 02 ( A) is an efficient energy transfer agent for

halogens and interhalogens, the exact details of the energy

transfer processes are not well understood.
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In a system where IF is the lasant and 0(1 A) is the

transfer agent, IF is pumped from the ground state, IF(X),

to the electronically excited B state, IF(B). This

transition requires the input of 19054 cm of energy
1 -1

(1:2243). However, 02 ( IA) can only supply 7918.1 cm of

energy in the transition to the ground state, 02(1 Z)

(14:85). It is seen though that 02 ( A) is an efficient pump

for IF (16:6793). It is unclear by what mechanism the

lasant is raised to the necessary energy level.

Problem

The mechanisms by which 02 A) excites IF from the

ground to the excited B state are not well understood. The

objective of this research is to determine, by means of a

flow tube reactor and kinetic analysis, the reactions

between 02 (A) and IF(X) which form IF(B).

Summary of Current Knowledge

Whitefield, Shea, and Davis studied the chemilumines-

cence produced by the interaction between IF and 02(A) in

* experiments with a flow tube reactor (16:6794).

The Whitefield research group investigated three

possible chemical reactions responsible for the emission

from the IF(B) to IF(X) transition. Two of the three

reactions which utilized 02 ( IA) produced much higher

chemiluminescent intensities than the reaction without the

singlet delta oxygen (16:6793). This strong dependence of

the chemiluminescent intensity of the emission on the

2
!
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excited oxygen species indicates the oxygen's importance in

the production of IF(B) (16:6797).

The Whitefield group discussed the possible mechanisms

of the reactions by using chemical kinetic analysis.

Preliminary evidence indicated that 02(1A) may be a possible

excitation source if sequential pumping is allowed. The

sequential pumping requires intermediate states for the IF

as it is pumped to the IF(B) state (16:6797).

The most recent research in IF chemical lasers was

performed by Davis and others who were on contract with the

United States Air Force Weapons Laboratory, Kirtland AFB,

New Mexico. The team began their work by looking at ways of

exciting IF by using metastable 0 ( A) as a chemical laser

pumping source (3:2).

The Davis team produced three quarterly status reports

documenting their work for the Weapons Laboratory. Each

report is reviewed below.

Report One. Initially, Davis and the research team

looked for a mechanism by which 02 could transfer the

approximate 21100 cm - of energy needed to raise IF(X) to

the IF(B; v'>0), excited state. The team postulated that
since neither O2 1 A) nor 0 2(1 ) had sufficient energy to

directly pump IF(X; v":O) to IF(B), sequential collisions

must have been required. Sequential collisions require an

energy reservoir in the IF manifold. The group found the

two most likely candidates for the intermediate energy

reservoir to be IF(X; v" >>0) and IF(A'( 3N n (3:2).

3
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The research team reported that although 02 (A) cannot

directly promote IF(X; v=O) to the A' state, it appears that
02(I Z) may contain enough energy to populate the IF(A')

state (3:3). The team noted that the efficiency of IF(B)

production could greatly depend on the rate of IF(A')

formation. The IF(A') formation rate directly depends on

whether 0 ( A) or 02 ( 1) molecules are involved in the

energy transfer process (3:4). Several experiments were

designed to determine the most efficient IF(B) formation.

The Davis team used a flow tube reactor to observe and

measure the chemiluminescence produced by various

experiments in order to understand the governing reactions.

To vary the reactant's concentrations (control the

experiment), the team added a quencher gas of either H2 or

CO 2 to quench 02 ( ), and the chemiluminescence intensities

of both the 02 (b--+X) and IF(B--4X) were observed as a

function of the added gas (3:8).

The results of the quenching studies indicated that

0 ( 1) was directly involved in pumping IF(X) as expected,

but the researchers felt that there was a second mechanism

which produced much greater concentrations of IF(B) (3:14).

Report Two. In their second quarterly report, Davis

and the research team made good progress in identifying the
~~mechanisms involved in IF(B) excitation by 02(I)(:)

From their work during the second reporting period, the

team found that IF(B) was excited by two distinct processes.

4
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Cold IF(X) was definitely pumped to IF(A') by 0 ( 1Z) with a

linear dependence of the concentrations (4:17). More

importantly though, the team observed a second mechanism

responsible for producing approximately two orders of

magnitude more IF(B) than the 02(i). This second mechanism

seems to involve sequential pumping of IF(B) via two

separate reactions (4:17).

The quadratic dependency and the increased concentra-

tion of IF(B) indicate chemical efficiency, and are

important if IF is to be used as a reactant in a chemical

laser.

Report Three. During the third, and final, reporting

period, the Davis research team concentrated their efforts

"on laser induced fluorescence studies of the IF(X,v)

distribution resulting from an ICI + F reaction. These

studies were used to help determine the role of IF(X)

vibrational excitation in the 0* pumping process (5:10).

Limitations

This thesis will study reactions involving IF and
1

0 2(A). A complete kinetic analysis of the reactions will

not be given, but the reaction responsible for the

excitation of IF from the ground to excited state will be

determined. Because the experiment is to be performed in a

laboratory, ideal environmental conditions are assumed.

5



Approach

An experiment will be performed using a chemical flow

tube reactor, photomultiplier tube (PMT), and monochromator

that will help experimentally verify theoretical postulates.

Chemiluminescence, which will result from spontaneous

emission, will be passed through a 0.3 meter monochromator

and resolved into its component wavelengths. The resolved

spectrum will be compared with the known spectrum of IF(B),

and a study of the emission intensity as a function of the

02( 1A) concentration will be made. From this data, the

mechanism of the IF and oxygen interaction will be deduced

by means of kinetic analysis.

6



II. Theory

Introduction

This section first presents a discussion of iodine

monofluoride (IF) and oxygen spectroscopy, with emphasis on

their applications to this experiment. Included is a brief

discussion of oxygen in the singlet delta exited state,

02 (a A), which is an important component of this experiment.

Finally, the theory of chemical kinetics as it relates to

three proposed reactions in this experiment will be

presented.

Spectroscopy of Iodine Monofluoride and Oxygen

Spectroscopy is the study of the absorption, emission,

and scattering of electromagnetic radiation as related to

the wavelength of the radiation. Molecular spectroscopy is

the study of the interaction of electromagnetic radiation

caused by molecules.

Molecular spectra are generally more complicated than

atomic spectra, but even so, their properties can uniquely

identify the molecule under study. The motion of the

molecule indicates that the molecule contains a finite

amount of energy. This energy is quantized according to the

rules of quantum mechanics. Since IF is a diatomic

molecule, the following discussions will be limited to

diatomic molecules.

7



As a first approximation, the energy of a molecule can

be represented as the sum of the electronic, vibrational,

and rotational energies as shown in eq (2.1):

E=E + E + ( r2.1)]E Ee v r

Figure (2.1) shows the different vibrational and rotational

levels between two electronic states of a molecule. The

electronic states are shown as A and B, the vibrational

levels are shown as v" and v' , and the rotational levels are

depicted by J' and '.

Figure 2.1. Energy Level Diagram_____ofTwo

$- I

Elcroi Stts(:7

//

t.- I
P2

Figure 2.1. Energy Level Diagram of Two

Electronic States (9:17)



*The electronic energy of a molecule consists of kinetic

4.51 and potential energy. The kinetic energy is present because

the electrons have motion, and the potential energy

originates because of mutual coulombic forces between the

electrons and coulombic forces between the electrons and the

atomic nuclei.

Electronic energy levels are the most widely separated

levels, and when a transition occurs between electronic

levels, the emitted photon is in the visible or ultraviolet

spectrum.

The vibrational energy of a molecule arises due to the

back-and-forth vibrational motion of the atoms. As a first

approximation, the vibrations of a diatomic molecule can be

represented as a harmonic oscillator. The energy levels of

the harmonic oscillator are given below (9:21):

E hP (v + 1/2) (2.2)V oec

where

Ev = vibrational energy (J)

h = Planck constant (J s)

I = oscillator frequency (Hz)
~OSc

v = vibrational quantum number

Eq (2.2) is the solution to an eigenvalue equation

which represents the energy of the harmonic oscillator.

Eigenvalue equations have the property that operating on the

9



function regenerates the same function times a constant.

The function that satisfies this equation is called the

eigenfunction of the operator. The constant is called the

eigenvalue associated with the eigenfunction (10:21). The

eigenfunctions of the harmonic oscillator are Hermite

polynomials, which are orthogonal functions (9:22).

Actually, the molecule is not best modeled by a

harmonic oscillator but by an anharmonic oscillator.

Instead of the potential function being a parabola, it is a

curve as shown in Figure (2.2).

U

=!4 
-

-I

10 
t, 

% ,l

Figure 2.2. 
Potential Function 

and Vibrational 
Energy

Levels of an 
Anharmonic Oscillator
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The eigenfunctions of the anharmonic oscillator are

similar to those of the harmonic oscillator, but are

slightly distorted (9:25). Instead of the vibrational

energy levels being equally spaced as in a harmonic

oscillator, the separation between levels decreases as the

vibrational quantum number increases, and the number of

possible energy levels is finite. The levels converge as

the vibrational quantum number increases, and eventually the

force holding the atoms together is broken and the

constituent atoms are separated. This separation is called

dissociation.

Note that the energy of the lowest vibrational level is

not zero, but has a finite amount of energy. Radiation

A # bctween vibrational levels of a specific electronic level is

in the mid infrared region.

A molecule's rotational energy occurs because the

molecule rotates about its center of mass. The simplest

*i model of the rotation of a diatomic molecule is the dumbbell

model of two point masses connected by a massless rod

(9:18). The rotational energy levels are given below

(9:19):

~h 2

E -J(J + 1) (2.3)r 8 21
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where

Er  rotational energy (J)

h Planck constant (J s)

I moment of inertia (kg z:)

J rotational quantum number

For each of the energy values (eigenvalues) of the wave

equation there is a corresponding characteristic function

(eigenfunction) whose square gives the probability

distribution function for the rotator (9:19).

Radiation between rotational energy levels in a certain

electronic and rotational level are in the far infrared or

microwave regior. of the spectrum. It is seen that changes

in smaller energy terms usually accompany changes in larger

energy terms. That is, absorption of ultraviolet or visible

light will normally change the vibrational and rotational

energies as well as the electronic energy.

As previously stated, the energies of a molecule are

quantized according to the rules of quantum mechanics. That

is, the molecule is only allowed to possess certain values

of electronic, vibrational, and rotational energy.

When a molecule is exposed to radiation, it will

undergo a transition from one energy level to another if the

energy of the radiation matches the energy difference

between the initial and some final energy level in the

molecule. Energy level transitions also follow selection

rules which further restrict the possible energy changes.

12
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Although there are exceptions, the following selection

rules are generally followed:

-- Rotational transitions

AJ = 0, +1, -1

-- Vibrational transitions within the same electronic

state

Av = ±1

-- Rotational transitions within the same vibrational

state

AJ = t

In an atom, the electron is characterized by the

quantum numbers 41 and t, the principal and orbital angular

quantum numbers. The symbol 1 is used to express the

Jorbital angular momentum vector and t for the corresponding

quantum number. The magnitude of 1 is defined below (9:26):

12 t (2.4)

In a molecule, where an electric field exists between

the nuclei, the orbital angular momentum vector 1 can only

have orientations for which the axial field component is

mt(h/2n), where mt= t, t-1, t-2, ..., -t. To distinguish

the states of an electron with the same n and t but

different Im.l, the greek letter lambda, X, is used as

defined below (9:25):

13



C, = t , ... ,o (2.5)

As a shorthand method of indicating the orbital wave

functions of one-electron states with X = 0, 1, 2, ... , the

symbols a, n, and 6 are used (9:26).

In a many-electron molecular system, each electron can

roughly be considered separately, and each electron carries

its own quantum numbers ni, t,, and ) For a given

electron configuration, we obtain at least one electronic

state. Each state is characterized by a total orbital

angular momentum A, which is related to X by the following

equation (9:30):

A (2.6)

Again, the A = 0, 1, 2, ... , are denoted by the greek

letters 1, , A, ..., for ease of writing the states.

Another quantum number, m., the spin quantum number is

also used to determine the spin state of the electron.

The spin quantum number can have values ±1/2. The spins s

of the individual electrons are added vectorially to yield

the resultant spin, S, for the molecule, as shown below

(9:30):

S = s (2.7)

14

g0P



S also determines the multiplicity, or number of

components, of the state. The multiplicity, 2S +-1, is

denoted by a left superscript above the term symbol, as 3.

When S equals zero, the multiplicity is 1, and a singlet

state is formed. When S equals one, a triplet state is

formed (9:30).

For a given molecule there are a set of molecular

orbitals, and for the molecule's lowest energy state, called

the ground state, electrons occupy the lowest energy

molecular orbitals. According to the Pauli exclusion

principle, only two electrons can occupy a single orbital,

and only if they have opposite spins. No two electrons are

allowed to have the same four quantum numbers.

The ground state is the natural state of the molecule,

but a higher energy state called an excited state can be

achieved by absorption of radiation or by a collision. The

molecular ground state is called the X state, and excited

states are called the A, B, C, ... states or the a, b, c,

... states, where the capital letters indicate states with

like multiplicities and small letters indicate states with

differing multiplicities. Figure (2.3) is a potential

energy curve for oxygen that shows the ground and excited

states for the oxygen molecule. Figure (2.4) is a potential

energy curve for the IF molecule.

15
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60,000 O (3 P)+OQ'D)

40,000 -- - - -

20.000
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Figure 2.3. Potential Energy Diagram

of Oxygen (8:446)
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In the two preceding figures, the horizontal axis, r,

measures the internuclear distance between the two atoms and

has units of angstroms. The vertical axis is energy
-i

measured in wave numbers or cm . The minima in the curves

indicate the equilibrium or lowest energy distance for each

state.

Molecular oxygen in the lowest excited electronic state

is singlet delta, 02( A). The energy of this excited state
-1

is 7918.1 cm above the ground state (14:84). It has been

shown experimentally that this state has a radiative

lifetime of 45 minutes, but when operating in a pressure of4
0.5 to 10 torr, the lifetime decreases to about 1 second

(12:11). The excited oxygen can be transported for more

than a meter without significant losses if 10-20 mm tubing

is used (12:11).

Since 02( 1 A) is quenched by metal, a material with a
v2

low quenching coefficient should be used to transport the

gas. Quartz glass is used to transport the excited oxygen

in this experiment.

0 2(1A) can be produced either chemically or by electric

discharge. For this experiment, a microwave electric

discharge device operating at 2450 MHz is used. Although

both 0 2(IA) and 0 2( Z) are created by the collisions with

the plasma, the lifetime of 02('A) is 103 times greater than

the 02 ( IZ) lifetime, making the 02 ( 1) concentration in the

gas stream exciting the cavity negligible (15:24).

18

4j



Kinetic Analysis

There are three proposed mechanisms in the oxygen-IF

reaction leading to the excitation of IF from the ground (X)

to the B state with subsequent chemiluminescence down to the

ground state (6). Each reaction is selected from a set of

possible reactions of its type. Figure (2.5) shows an

energy level diagram of IF and oxygen. Below are the

kinetic reactions for these mechanisms.

25000 18
-18

- 16 - so a 20

45 4 _-5
20000 14 - 2

-40 - 0 =10

-- 12 35 IF(_

30 0
15000 30 IF(A 3

n 1 )
U -0

- 8 -- 0 2 (blE)Ii ~ - ---6 --- 20- z 1F(A'I21

- -0

o(F0 2(9 1

10

- I2

Figure 2.5. Energy Level Diagram of

IF and Oxygen (3:3)
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Mechanism One.

This mechanism involves an integer number of 02 (a'A)

molecules which provide the IF(X) molecule with the correct

amount of energy to excite it to the B state. This

postulated reaction mechanism is believed to involve at

least three 02 molecules. From a conservation of energy

viewpoint, the 0 (a A) molecule in the zero vibrational

state has about 7918 cm of energy. Three times this
-1

energy gives at least the 19054 cm of energy required to

reach the IF(B) state.

The reaction begins with the interaction of a ground

state IF molecule and an integer number (n) of 0 2(aA)

molecules, and proceeds at rate ki.

IF(X ) + n 02 (a A) "& IF(B 3H) + n 02 (X 31) (2.8)

The excited IF(B) molecule then relaxes down to its ground

state and a photon is released. This reaction takes place

at the rate of IT.

3 1/T X

IF(B n) - IF(X 1) + hP (2.9)

The rate at which the concentration of IF(B) changes

with time is given by

20
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d[IF(B3 n)] n

dt ki[IF(XZ)][O2 (a A)]

-![IF(B3n)] (2.10)

The steady state concentration of IF(B) is

[IF(B'11)] T ki [IF(X'I)][0o(a'A)] (2.11)

But the intensity of the chemiluminescence (I) from the

IF(B) molecules is proportional to the IF(B) concentration.

I M [IF(B 3 n)] (2.12)

So, the intensity can be written as

n
I a T ki [IF(X1Z)][O2 (aA)] (2.13)

The natural log is taken of both sides of eq (2.13),

yielding

in(I) x n In [0 2 (a'A)] + constant (2.14)

'0. A plot of eq (2.14) produces a straight line with a slope n,

where n equals the number of 02 (a A) molecules that raise
N2

the IF molecule from the ground to the excited state. As

21



mentioned, because of energy considerations, n will be at

least three.

Figure (2.6) is an energy diagram which shows the

reactions for mechanism one.

25000 -

- 16 -50 -0

- -6 -2

454 5
20000- -14 - 2

40 - 0 10
- o"IF (83n

-12 35 -
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Figure 2.6. Energy Level Diagram of

Mechanism One Reactions
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Mechanism Two.

This mechanism is a 2-step mechanism in which two

0 (a A) molecules raise IF(X IZ) to the IF(A ,3 ln state.

22

state to yield IF(B 31H). The governing reactions are as

follows:

2 02 (a 1 ) -. 0 (b 1 ) + 0 (X 3) (2.15)

0 2 (b 1 ) + IF(X IZ) -2 IF t(A' 3 n ) + 0 2(X 1) (2.16)

IF t(A , 3112) + 0.2 (a IA) -' IF(B 3B) + 0 2 ( X 3) (2.17)

The IF in the excited B state then emits a photon:

3 1 T
IF(B II . IF (X I)+ hv- (2.18)

The time rate of change of the IF(B) concentration is given

by

d [IF(B3 n)] =k3 [0(a'A)] [IF(A' 3fl2)]
dt

1[IFtB n)] (2.19)

23
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Under steady state conditions, from eq (2.19), the

chemiluminescent intensity is proportional to the

concentration of 02 (a1A) and IF t(A' 3112 ):

I (X T k3 [0,(a 1A)] [IFt(A'  112)] (2.20)

But, the desired intensity measurement should only be a

function of the 02 concentration. So, from eqs (2.16), and

(2.17), the following rate equation can be written

d[ dt n2 k2 [O(b'Z)] [IF(Xll:) ]

- k3[IFt(A 3 11 2 )][0 2 (a'A)] (2.21)

Solving this equation for the concentration of IFt (A'3112)

,,[IFt ( A' 3n k2 [0; ( b - ] [I F(X'Z 2.2(A' ) -k (2.22)
[0 (a')]

But, by combining eqs (2.15) and (2.22) from above, the

following equation can be written for the time rate of

change of [O2 (b1-)]:

* d [03(bZ )] 2
0 dt k1 [0 2 (a A)I

- k2 [02 (b 1 )] [IF(X1 T)] (2.23)
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Under steady state conditions, the concentration of 0 2 (b1 )

can be solved as

2

[0;,(blI)] ki [02 a WA )])2.4[02b Z)] k2 [IF(X1 Z)] (.4

Substituting eq (2.24) into eq (2.22) and solving for the

IF t(A' 3 n ) concentration yields

[I~(A~ll)] k2 ki [0,(a1A)] [IF(X1 Z:)]

-k3 k2[IF(X'Z)] [02 (a'A)] 2.5

which can be simplified to yield

[IFtA,3(a,) (2.26)

The intensity of the chemiluminescence is proportional to

the concentration of 0 2(a) as

I (X T k3[0(aA) 10-[2 (a'A] (2.27)

Eq (2.27) can be simplified to yield an expression for the

intensity that is not a function of the IF(B) concentration:

2

I (K T ki[10 2 (a'A] (2.28)
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Taking the natural log of both sides of eq (2.28) gives

ln(I) (K 2 in [02 (a'A)] + constant (2.29)

A plot of eq (2.29) produces a straight line with a slope of

two.

Figure (2.7) is an energy diagram which shows the

reactions for mechanism two.
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Figure 2.7. Energy Level Diagram of
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Mechanism Three.

This mechanism involves the reaction 
of three 02(a I

molecules that raise the IF molecule from the ground to the

excited state. Each 02 molecule in the "a" state raises the

IF molecule to a higher vibrational and rotational level

within the ground electronic state. Three 02 molecules

provide the IF(X) molecule with the correct amount of energy

to align it with the IF(B) state. The reactions that govern

this energy exchange are as follows:

IF(X ) + 02 (a1A) - IF(X,v") + 0 (X 3 ,) (2.30)

IF(X,v") + 02 (a A) -K IF(X,v"') + 0 (X) (2.31)

IF(X,v"' ) + 02 (aA) k IF(B 311) + 02 (X 3 Z) (2.32)

The excited IF(B) molecule then relaxes down to its ground

state and a photon is released. This reaction is shown

below in eq (2.33):

IF(B I ) - * IF(XI 7 ) + hz (2.33)

4
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The time rate of change of IF(B) is given by the following

equation:

d [IF(B'n)]

dt k3 [IF(X,v' )] [02 (a4)]

- ;1 [IF(B 3n)] (2.34)

In the steady state, eq (2.34) equals zero, and the

concentration of IF(B) can be solved to yield

[TF(B 3n)] T k3 [I FX v' ][02 (aI A)] (2.35)

The chemiluminescent intensity is again proportional to the

IF(B) concentration, as

I M T k3 [IF(X,v"' )] 102 (aA)] (2.36)

But the intensity should only be a function of the 0 2

concentration, so from the kinetic equations containing

IF(X,v"') and IF(X,v"), the following two equations can be

written as:

,,k2 [IF(x,v")] [0,(a"&)]
[4(x[,] = k3 02 (a1 A)]

k2 [IF(Xv")] (2.37)
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[I F(X~vki1 [1IF(X) L0 2 (a,&)
[IF(X ~k"2 [0 .(a1 )

k [IF (X'I)] (2.38)

Combining eqs (2.37) and (2.38) gives an expression for the

IF(X,v"') concentration:

[IF(X,v'' )] = !- [IF(X1 Z)] (2.39)

Eq (2.39) can be combined with eq (2.35) to yield the

chemiluminescent intensity:

I a: r k 3 ~[FXZ~0( 1

r ki [IF(X1Z:)][0 2 (a'A) (2.40)

Taking the natural log of both sides of eq (2.40) gives

ln(I) M ln [02 (a IA)] + constant (2.41)

A plot of eq (2.41) produces a straight line with a slope of

4 one.
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Figure (2.8) is an energy diagram which shows the

reactions for mechanism three.
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Figure 2.8. Energy Level Diagram of

Mechanism Three Reactions

Depending on the responsible mechanism, the

chemiluminescence associated with the IF(B ---X) transition

should be proportional to the first, second, or third power

of the 0 ( 1A) concentration.
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III. Experimental Apparatus

Introduction

This section describes the experimental apparatus used

in this experiment. First, a general description of the

flow tube reactor is given, and then an analysis of its

major components is presented. Finally, a description of

the detection and measurement system is provided.

Flow Tube System

The flow tube reactor system used for this experiment

is shown as a block diagram in Figure (3.1). The system

* consists of three main component systems:

(1) Vacuum

(2) Flow Tube

(3) Optical train.

Each component system is discussed below.

Vacuum. The vacuum system is driven by a Sergeant-

Welch, Model 1375 vacuum pump. A ball valve at the input of

the pump allows the flow tube system to be isolated from the

pump. This valve can also be used to vary the flow rate of

* the pump. A I inch outside diameter (OD) stainless steel

tube connects the valve and pump to the cold trap. The cold

trap connects to the 1 inch stainless steel tube through a

1/2 inch Cajon connector welded to the tube.
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JI

)

Ir Vacuum

Oxygen F
Source

Figure 3.1. Flow Tube Reactor Block Diagram

The cold trap is fabricated from 1/2 inch OD copper

tubing. The trap is thermally isolated from the system by

1/2 inch inside diameter (ID) teflon connectors. These

connectors, made by Fluorocarbon Handling Devices, are used

throughout the vacuum and flow tube systems to connect all

1/2 inch OD pieces. A 1/2 inch stainless steel pipe

: connects the cold trap to the top of the 6-way cross.
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flwFlow Tube. The 6-way cross is the main part of the

flow tube, and it is where the chemiluminescent flame

exists. Figure (3.2) is a schematic diagram of the six-way

cross and the input to each of the ports.
A.

Vacuum

V Monochromator
Vacuum Gauge Window

CF 4  
CF 3 1

Figure 3.2. Schematic of Six-way Cross and Inputs

Two of the ports are covered with plexiglas windows.

One of the windows faces the monochromator and the other

.window is used as a viewing port. The remaining four ports

have 1/2 inch Cajon feed-through connectors welded to
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stainless steel plates. The four Cajon connectors have the

following inputs:

(1) Vacuum System

(2) Baratron Pressure Gauge

(3) Oxygen Inlet Tube

(4) IF Inlet Tube.

The oxygen and IF generation and inlets are described below.

The oxygen inlet tube was described by Ritchey and is

not changed for this experiment (12:26-27). 02 (A) is

generated using a 2450 MHz microwave discharge by the same

procedures outlined by Ritchey except that aluminum oxide

0tubes are used in the microwave cavities instead of quartz

glass (12:28).

Figure (3.3) shows the valve and bypass system used to

control the flow of molecular oxygen through the microwave

cavity, and thereby control the concentration of 02 1 A). By

maintaining the total oxygen flow constant and monitoring

the bypassed flow, the amount of oxygen passing through the

microwave cavity is known, and the relative 02( A)
I,

concentration can be determined.

3.
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Oxygen

Total Flow Bypass Flow Inlet

Microwave

Cavity

*' Mercury
Reservoir

Figure 3.3. Oxygen Valve and Bypass System

A dual valve system is used prior to the oxygen

microwave discharge cavity to allow the oxygen inlet tube to

be coated with mercuric oxide, HgO. When the branch

containing the mercury is open, mercury vapor flows through

the microwave cavity and mercuric oxide is formed. This

coating quenches any atomic oxygen that may exist at the

oxygen inlet (7:11).

93
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Figure (3.4) depicts the IF and oxygen inlet tubes.

The IF inlet consists of a 1/4 inch quartz CF 3I inlet tube

connected to a 1/2 inch quartz CF 4 inlet tube. IF(X) is

produced in this tube and is brought into the base of the

oxygen inlet tube.

Oxygen Inlet

CF 3 1

CF~

IF Inlet

Tube

Figure 3.4. IF and Oxygen Inlet Tubes

The IF inlet tube is coated with halocarbon wax to

prevent dissociation of the IF molecules due to wall

collisions (6). The reactions governing the creation of

*.-Y' ground state IF are given below.
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Initially CF4 is passed through a 2450 MHz microwave

discharge cavity creating CF3 radicals and fluorine atoms.

The fluorine atoms react with the CF 31 molecules to form

IF(X) and CF 3 (13:1128). Wall effects break the CF3 down to

C F and can cause the IF(X) to break down to IF3 and IF5

(6). The halocarbon wax helps prevent this second reaction.

The ground state IF then enters the bottom of the oxygen

inlet tube where it reacts with the O2 (A) to form IF(B).

*Throughout the system, 1/4 inch copper tubing is used

to bring the gas supplies to their respective inputs.

Optics Train. The chemiluminescent flame is focused on

the monochromator slit by a 15 cm focal length, glass

collecting lens. The lens diameter and focal length are

chosen so as to allow for good resolution in the 0.3 meter

McPherson scanning monochromator, which was located 60 cm

from the flame.

Detection and Measurement

4The detector is an RCA C31034-02 photomultiplier tube

(PMT). The PMT is attached to the monochromator with a
0 tLermoelectric refrigerated chamber as described by Ritchey
*1

(12:29). The PMT utilizes a gallium arsenide photocathode,

and has a spectral response from 2500 to 8500 A (11:3).

The PMT connects to an EG&G Princeton Applied Research

Model 1121A Discriminator Control Unit which provides the

bias voltage for the PMT. An EG&G Model 1112 Photon

Counter/Piocessor provides a digital readout of the photon
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count. An X-Y plotter is used to record the spectrum during

a monochromator scan.

In order to observe the broadband spectrum of the

flame, the monochromator grating is adjusted to the zeroth

order. This setting scatters a portion of the input off of

the grating and onto the output slit. The PMT then accepts

the output from the monochromator and the photon counting

system indicates the number of photons received over a unit

time. The 0 ( A) concentration is then varied and the flame

intensity is registered.

0
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IV. Experimental Procedures

Introduction

This section details the experimental operation and

data collection performed in this thesis. A procedural

description is given following the course of the experiment.

System alignment and calibration is also discussed.

Problems or notes of interest are addressed in the relevant

sections.

General Procedures

After pumping the system to near zero torr, the rate of

CF 4 flow is increased until the total pressure reaches 0.34

torr. The oxygen flow rate is then increased until the

total pressure reaches 2.14 torr or increases by 1.80 torr.

Ile In order to make small adjustments in pressure, a digital

volt meter is attached to the analog Baratron pressure

gauge.

The flow-control valve at the input of the vacuum pump

is adjusted for the minimum flow rate that will still

maintain a vacuum. If the valve is not properly adjusted,

the component gases are used at an excessive rate.

Next, the microwave discharge cavities on the CF 4 and

02 inputs are struck using a tesla coil. Stabilizing the

0Q plasma is difficult even though the cooling procedures

outlined by Duray are followed (7:32-34).

It is very important to tune the cavities for minimum

4. reflected power. When the cavities are properly tuned, it
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is possible to achieve near zero reflected power for 80

watts forward power. If the cavities are not properly

adjusted, they operate at higher temperatures and can arc

causing damage to the aluminum oxide tubes. It is possible

to get a leak in the tube if the arcing is not stopped by

immediately turning off the power supply. The plasma should

then be re-ignited with the tesla coil. Over-heated

aluminum oxide tubes can also melt the teflon connectors and

cause a vacuum leak.

The CF 3 I is next added to increase the pressure by 0.02

to 0.03 torr yielding a total pressure of about 2.16 torr.

The flow rate of CFI3 is very small compared to the other

constituent gases, and must be adjusted slowly to yield the

maximum flame intensity. Other gas flow-rate combinations

do result in a chemiluminescent flame, but these values are

considered to be optimal for gas conservation and flame

intensity. Slight flow-rate variations may be necessary to

achieve optimal flame intensity.

Because the CF I is a liquid at room temperature, a

room-temperature water bath may be needed to increase the

gas vapor pressure enough to pump the CF 3 I from the

cylinder.

The oxygen inlet tube is coated with HgO by the same0.

procedure outlined by Duray to insure that atomic oxygen is

removed (7:33).

While keeping the total oxygen flow rate constant, some

oxygen is allowed to flow through the oxygen bypass. This
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procedure allows the bypassed oxygen to flow directly into

the oxygen inlet and not pass through the microwave cavity.

In this way, the concentration of 02(1A) is varied without

changing the total oxygen concentration. Flame intensity

readings are recorded for various excited oxygen

concentrations.

Since the total flow of oxygen must be kept constant,

and because the vacuum pump is connected to the flow tube by

stainless steel and copper pipes, some table vibration

kzcurs. This pump vibration can cause vibrations in the

flow meters, which makes precise readings difficult. This

vibration adds to the experimental error in the analysis.

Because toxic gases are created by this experiment, the

pump exhaust is vented to the hood.

Alignment and Calibration

Alignment of the optical train is accomplished using a

mercury pen light placed in the six-way cross at the flame

origin to approximate the flame position. The flame occurs

directly above the oxygen inlet tube opening, because the

lifetime of IF(B) is between 0.44 and 8.8 Ps (2:172). The

monochromator and collecting lens are positioned for the

maximum intensity at the input and output slit of the

monochromator. Fine alignment is accomplished by adjusting

the monochromator and collecting lens for maximum photon

count at one of the mercury lines.
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Oriel pen lamps are used for spectra calibration.

Mercury and xenon lamps are used because they have peaks in

the 5700 to 6200 A band.

Because of the flame's low light level, the signal-to-

noise (SIN) ratio of the PMT is a concern. The high voltage

and discriminator threshold settings are adjusted to yield

the highest SIN ratio. The PMT is operated at -25 C, and

after setting the high voltage and discriminator threshold

levels, the PMT dark count is approximately 22 per second

with the room lights off. The optimum high voltage value is

1300 volts. Typical peak counts during a spectral scan are

325 per second.

The monochromator slit widths are varied between 50 and

iu 250 Pm in an effort to maximize the resolution and signal.

The final setting depends on the flame intensity, which

varies with gas combinations and pressures.

A resistor-capacitor (RC) low pass filter is used to

filter out high-frequency noise contained in the amplifier/

discriminator output. The RC filter shunts the noise to

ground, but allows the plotter to respond to the average

signal intensity, important at low signal levels. By using

this procedure, a spectral plot of IF(B--+X) is obtained.
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V. Results

Introduction

This section contains the observations and analysis of

the data that were collected during the experiments. First,

the experimental observations are discussed, with emphasis

on critical procedures and experimental error. Then, the

data are analyzed and the results are compared to the

proposed reaction mechanism models.

in__w Tube Observations

The chemiluminescent flame from the IF(B--X) transition

was initially difficult to obtain. Problems were traced to

improper microwave cavity tuning and plasma instability.

The reflected power meter on the microwave power supply

is used to tune the cavity for minimum reflected power. A

reflected power between zero and two watts is ideal. Unless

the cavity is cooled, however, the plasma state changes

which causes a change in impedance. This impedance change

brings about a change in the flame intensity. Only after

the cavities are cooled by the procedure described by Duray

does the flame intensity stabilize (7:32-34).

After the flame was made stable, there were

difficulties recording the spectrum on the X-Y plotter.0.
With signal-to-noise power ratios between 3 and 16, the peak

intensities were often hidden in the noise. In order to

improve the spectral plot, a low-pass filter was added to

the plotter input.
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The Davis team produced a spectral scan showing the

chemiluminescence from the IF(B -+X) transitions (3:16).

This scan is shown in Figure (5.1).

''.V"= 0 1 2 3 4 5 6 7

a.r

4300 4800 5300 5800 6300 6800 7300

WAVELENGTH (A)

Figure 5.1. Spectral Scan of Chemiluminescence

from IF(B-.-X) (3:16)
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Figure (5.2) shows the spectrum recorded on the X-Y

plotter. Several monochromator slit widths were tested, but

due to the low flame intensities, the best spectrum was

obtained when input and output slits were both set to

200 pm. The monochromator grating had 1200 lines per mm

blazed at 7500 A.

A comparison of Figures (5.1) and (5.2) clearly shows

the dominant 3-0, 4-0, and 5--0 transitions. The intensity

amplitudes in Figure (5.2) appear low because the spectrum

was photographically reduced.

'4
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Kinetics

Data was taken for various pressure and flow rate

combinations from a total pressure of 1.50 to 4.10 torr. A

total pressure of 2.16 torr was found to produce a bright

flame while not using the component gases too rapidly.

Tables (5.1) and (5.2) list the data collected for two

representative samples.

TABLE 5.1

Flame Intensity as a Function of Percent Flow:

Data Set One

S Count in (Count) % Flow In (% Flow)

.9 6.63 E3 8.80 100.00 4.61

6.42 E3 8.77 94.19 4.55

6.16 E3 8.73 91.86 4.52

5.83 E3 8.67 88.37 4.48

3.30 E3 8.10 59.30 4.08

1.87 E3 7.53 30.23 3.41

1.24 E3 7.12 18.60 2.92

9.30 E2 6.84 6.98 1.94

Corresponds to the relative 0 ( A) concentration.
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'. TABLE 5.2

Flame Intensity as a Function of Percent Flow:

Data Set Two

Count in (count) % Flow in (% Flow)

7.90 E3 8.97 100.00 4.61

7.70 E3 8.95 94.19 4.55

7.60 E3 8.94 88.37 4.48

0 6.90 E3 8.84 76.74 4.34

6.87 E3 8.83 65.12 4.18

6.36 E3 8.76 53.49 3.98

4.10 E3 8.32 41.86 3.73

2.90 E3 7.97 30.23 3.41

1.27 E3 7.15 18.60 2.92

8.60 E2 6.76 6.98 1.94

Corresponds to the relative ( A) concentration.

In the two previous data sets, the partial pressures of

0 2/CF 4/CF 3I were 1.80/0.34/0.02 torr, yielding a total

pressure of 2.16 torr.

The data are graphed in Figures (5.3) and (5.4). Linear

regression analysis was performed on the data points to fit

a line to the data.
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Figure 5.3. Graph of Flame Intensity as a Function

of Percent Flow: Data Set One
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,\ e Data set one produced a linear slope of 0.80 and data

set two produced a slope of 0.93. These slopes are both

within experimental error of the proposed slope of 1.00.

Several sets of data were taken, and the slope varied

between 0.71 and 0.96.

Proposed reaction mechanism three involves a sequential

reaction between an integer number of 02 (A) molecules and

the IF molecule. Each oxygen molecule raises the IF

molecule to a higher vibrational and rotational energy level

within the ground electronic state. Although three ground

* vibrational 0 2 molecules possess the correct amount of

energy to align the IF(X) molecule with the IF(B) state, the

kinetic analysis result does not depend on the number of

sequential reactions. A slope of one is produced no matter

how many two-body collisions take place to raise the ground

state IF molecule to the IF(B) state.'p

In terms of probabilities, mechanism one, which is a

four-body reaction, is the least likely especially

considering the low pressure environment. Mechanisms two

, and three, which are both two-body collisions, have about

'.. the same chances of occurring. Since the data produced a

slope very close to one, it appears that a sequential

reaction within the IF ground electronic state is occurring.

In order to insure that there was a sufficient HgO

coating on the oxygen inlet tube, the experiments were

repeated just after a fresh HgO layer had been applied.
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There was no apparent change in the data, which indicates

that the atomic oxygen was being removed.

Although these results do not determine that mechanism

three is the correct reaction, they do establish evidence in

support of that proposition.
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. VI. Conclusions and Recommendations

Introduction

This section addresses the conclusions reached after

performing this experiment and the recommendations for

future work in this area.

Conclusions

A gas flow tube reactor has been used to generate a

chemiluminescent flame from iodine monofluoride and excited

oxygen in the singlet delta state, 0 (A). The flame has

been optimized by varying the pressure, flow rate, and

reactant proportions. Emission was observed, and the

spectrum was compared with the known spectrum of IF(B--+X).

All, The concentration of 0 ( A) has been varied while

keeping the total oxygen flow rate constant, and the

intensity of the chemiluminescent flame has been measured.

The natural log of the intensity versus the natural log

of the 02('A) percent flow (02(1A) concentration) have been

graphed and a line has been fit to the data using linear

regression analysis. The slope of the line varied between

0.71 and 0.96 over several data sets. This slope is well

within experimental error of a slope of 1.00. It is found,

. on the basis of the results obtained, that the mechanism

involving a sequential pumping of the IF molecules within

the vibrational manifold by 02 ( A) (mechanism three) is

consistent with the experimental observations.
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Recommendations

Vacuum Pump. A smaller valve should be added to the

vacuum pump to allow more precise adjustments to be made in

Nthe flow rate. The present valve is very large and only

coarse flow rate adjustments can be made.

Vibration Isolation. The vacuum pump should be

mechanically isolated from the flow tube reactor because the

vibrations cause the flow meters to bounce which reduces the

measurement accuracy.

Improved Flow Metering. Although the flow meters used

during this study were acceptable, meters covering several

flow ranges would improve the measurement accuracy.

Vibrationally Excited IF. Vibrationally excited IF

Sshould be prepared using fluorine and iodine, and a study

similar to this thesis should be performed. Vibrationally

excited IF should be prepared by the following reaction:

F + 13 2 IF(X, v" a 10)

aIodine-Oxygen Study. Iodine is another candidate

for a chemical laser active medium. A flame intensity

versus oxygen concentration study should be performed to

better understand the pertinent reaction mechanisms. Iodine

should be prepared by the following reaction:

12 + O2(1

.54
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Carbon Dioxide Quenching. CO2 gas should be added to

the oxygen flow after the microwave cavity to quench 0 2(

This modification to the system will help determine if

mechanism two is a valid model because that model relies on

the creation of 0 2(X). In addition, this experiment will

rule out the possibility of 02( A) generated in the

discharge pumping vibrationally excited IF. If the data

produces a slope of one after 02( 1 ) is quenched by CO2,

then mechanism two can be ruled out.

AA
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